Layered thin films composed of concanavalin A (Con A) and sugar-bearing polymers were prepared by a layer-by-layer deposition of Con A and the polymer on a solid surface. The sugar-induced disintegration was studied. Con A-polymer layered films could be successfully prepared using a maltose-bearing polymer (PV-MA), while melibiose-and glucosebearing polymers (PV-MEA and PV-G) did not afford a layered film, due to a weak affinity of PV-MEA and PV-G to Con A. The Con A/PV-MA layered film was stable in pH 7 and 8 solutions, while in a pH 6 medium the film was slightly unstable. The Con A/PV-MA film was disintegrated upon the addition of sugars in solution owing to a preferential binding of the sugars to the binding site of Con A in the film. The disintegration rate was dependent on the type of sugar and its concentration. The Con A/PV-MA film was disintegrated rapidly upon the addition of methyl α-Dmannopyranoside, while the rate was slower upon the addition of the same concentration of D-mannose, D-glucose and methyl α-D-glucopyranoside. The present system may be useful for constructing sensitive devices that can release a drug or other functional molecules in response to sugars.
Introduction
A layer-by-layer deposition technique has recently been widely used for developing multilayer thin films. 1 The materials used for preparing multilayer films include synthetic polymers, 2 proteins, 3 DNA 4 and nanoparticles. 5 Typical applications of these multilayer thin films include optical 6 and electrical devices, 7 biosensors, 8 and the controlled release of drugs. 9 We have already reported on the preparation of stimuli-sensitive multilayer films that can be disintegrated by being exposed to sugars. 10, 11 Stimuli-sensitive multilayer films were fabricated using concanavalin A (Con A) and glycogen. Con A is a lectin protein (molecular weight; 104000) found in Jack bean and is known to contain four identical binding sites to sugars, such as D-mannose and D-glucose (Fig. 1) . 12 On the other hand, glycogen is a polysaccharide composed of D-glucose units. Thus, it was possible to construct a multilayer thin film through biological affinity by depositing Con A and glycogen alternately on the surface of a solid. The Con A-glycogen multilayer films were sensitive to sugars, and could be disintegrated in the presence of D-glucose, D-mannose and derivatives, as schematically illustrated in Fig. 2 . 10, 11 The present paper reports on sugar-sensitivity of Con A multilayer films prepared by a layer-by-layer deposition technique using sugar-substituted synthetic polymers in place of glycogen.
Experimental

Materials
Con A was obtained from Funakoshi Co. (Kyoto, Japan).
were purchased from Wako Chemical Co. (Tokyo, Japan). The chemical structures of the polymers are illustrated in Fig. 3 . Other reagents used were of the highest grade available and used without further purification. 
Apparatus
UV-visible absorption spectra were recorded on a Shimadzu UV-3100PC spectrophotometer (Kyoto, Japan). A quartz crystal microbalance (440EQCM, BAS, Tokyo, Japan) was used for gravimetric analysis of the films.
Preparation of Con A-polymer multilayer films
Multilayer films were prepared on the surface of a quartz slide (5 × 1 × 0.1 cm) according to a reported procedure. 11 The quartz slide was first treated in diclorodimethylsilane (10% solution in toluene) overnight at room temperature, to make the surface hydrophobic, and was then washed with toluene, acetone, and distilled water.
For forming Con A/polymer multilayer films, a silylated quartz slide was immersed in a Con A solution (100 µg mL -1 , in 0.1 M Tris-HCl buffer containing 1 mM MnCl2 and 1 mM CaCl2, pH 7.4) for 30 min to deposit the first Con A layer through a hydrophobic force of attraction. After being rinsed in water for 5 min to remove any weakly adsorbed Con A, the quartz slide was immersed in a polymer solution (100 µg mL -1 in 0.1 M Tris-HCl buffer, pH 7.4) for 30 min to deposit the polymer through an affinity between Con A and sugar residue in the polymer. This process provides both sides of the quartz slide with a Con A/polymer bilayer. The second Con A layer was deposited similarly on the surface of a slide modified with a Con A/polymer bilayer film. The deposition was repeated to build up multilayer films, and the absorption spectrum of the film-deposited quartz slide was recorded after each deposition of Con A to evaluate the loading of Con A in the film.
Disintegration of Con A-polymer films
A sugar-induced disintegration of Con A/polymer films was evaluated by measuring the UV-visible absorption spectra of the films. After immersing the film in a large volume of buffer solution for an appropriate time in the presence and absence of sugar, the UV-visible absorption of the film was measured at 280 nm to estimate the remaining amount of Con A in the film. A quartz crystal microbalance (QCM) was also employed for assessing the sugar-induced disintegration of the film. For this purpose, a Con A/polymer multilayer film was prepared on the surface of a platinum film-coated quartz resonator (8 MHz) . The gravimetric response of the quartz resonator was monitored using a flow-through cell, in which the Con A/PV-MA filmcoated quartz resonator was mounted and the buffer solution containing sugar was manually delivered to the film. All experiments were carried out at room temperature (ca. 20˚C).
Results and Discussion
Preparation of Con A-polymer layered films
Three kinds of polymers (PV-MA, PV-MEA, and PV-G) were employed as materials for preparing layer-by-layer multilayer films. The UV-visible absorption spectra of layers 1 -10 of the Con A/polymer multilayer films were measured. The spectra of Con A/PV-MA films exhibited a strong absorption band at 280 nm, originating from aromatic amino acids in Con A (data not shown). The intensity of the band increased in proportion to the number of depositions, suggesting the formation of a multilayer structure on the quartz slide. The inset shows the absorbance of the film at 280 nm as a function of the number of Con A/PV-MA bilayers, confirming a linear growth of the multilayer film. On the other hand, when PV-MEA or PV-G was used in place of PV-MA, the absorbance at 280 nm did not increase due to a low affinity of the polymers to Con A. It is known that Con A binds to D-glucose and D-mannose residues and that the unsubstituted hydroxyl groups at the 3 and 4 positions of the sugars are prerequisite for binding to Con A. It is clear that PV-MEA and PV-G do not meet these criteria (see Fig. 3 ).
The loading of Con A in the Con A/PV-MA film was calculated to be ca. 0.5 × 10 -11 mol cm -2 per deposition on the basis of the molar extinction coefficient (ε) of Con A (ε = 1.6 × 10 5 M -1 cm -1 at 280 nm). If Con A forms a close-packed monomolecular layer in the film, the density of Con A on the surface is calculated to be (0.5 -1.1) × 10 -11 mol cm -2 layer -1 , depending on the orientation of the Con A molecule (the molecular dimensions of Con A are reported to be 8.4 × 7.8 × 4.0 nm). 12 Consequently, the loading of Con A in the multilayer film is in the range of the calculated value for the monomolecular coverage of Con A. The loading of Con A in the film is nearly one third of the value observed for the Con A/glycogen multilayer film. 11 This may originate from the different molecular geometry between PV-MA and glycogen; glycogen is a branched polysaccharide composed of D-glucose units, while PV-MA consists of a linear polymer chain without branching.
Branched polymers may be suitable for accommodating a large amount of protein in a multilayer structure. 13 
Sugar-induced disintegration of Con A/PV-MA film
The sugar-response of the PV-MA film was evaluated in the presence of 10 mM D-glucose in pH 6, 7, and 8 buffers. disintegrated in part in the presence of D-glucose, as illustrated in Fig. 2 . This should be ascribed to preferential binding of the added D-glucose to the binding sites of Con A, followed by the expulsion of PV-MA from the binding sites, resulting in the dissociation of Con A from the multilayer film. It should be noted here that the Con A/PV-MA film is slightly unstable in a pH 6 buffer, probably due to the fact that Con A tends to assume a dimeric form at pH 5 -6.7 in contrast to the tetramer at a higher pH. 14 Therefore, the following experiments were carried out in a pH 7.4 medium. A slight decrease in the absorbance was also observed in the sugar-free buffer at pH 7 and 8 for the first 50 -60 min, probably due to an instability of the outermost layer. 14, 15 ). As expected, D-galactose did not induce disintegration of the film because of its low affinity to Con A. This is consistent with the result that Con A/PV-MEA bearing D-galactose side chains could not be constructed.
A gravimetric analysis was also carried out to confirm the sugar-induced disintegration of the Con A/PV-MA layered film. The changes in the resonant frequency of the quartz crystal resonator coated with the Con A/PV-MA film were monitored in the presence of sugars. Figure 6 shows the time course of the disintegration of the film. The response of the film to sugars was basically the same as that observed by UV-visible absorption spectroscopy.
Thus, both the gravimetric and optical data clearly support the sugar-induced disintegration of the Con A/PV-MA layered film. It is noted that not only glycogen, 10, 11 but also the synthetic polymer (i.e., PV-MA) can also be used for constructing the sugar-sensitive Con A assembly. This in turn suggests that the performance characteristics of the sugar-sensitive Con A assembly could be further improved by suitably modiying the chemistry of the polymer. Con A-based thin films may be useful for developing sugar-sensitive delivery systems or sugar sensors. 
